Introduction
Pulmonary vascular disease (PVD) encompasses a wide range of pediatric and adult pulmonary disorders, such as pulmonary www.advancedsciencenews.com www.advhealthmat. de Cationic formulations created in this manner have shown an ability to target the endothelial cells in vivo post intravenous (I.V.) delivery. [17] While mediation of nanoparticle surface charge on physiological interactions, such as biodistribution and cellular association, has been investigated and positively charged particles on the whole organ level have been shown targeting the lung, [37, 38] the effects of specific surface charge on cell-type targeting and nanoparticle distribution within the lung are not well known.
Research on polymeric-based gene delivery has commonly focused on local injections to a target region. This delivery strategy is not widely applicable for translational application, especially in the case of large target areas requiring widespread dissemination. Here, we report the development and characterization of 600 Da, 1800 Da, and 10 kDa, branched PEI-based nanoparticles, possessing hydrodynamic size and surface charge near 120 nm and 24 mV, respectively, capable of targeting the pulmonary endothelium in a charge-dependent manner with exceptionally high efficiency for the delivery of nucleic acids. Furthermore, nanoparticle dissemination within the lung is shown to be preferentially associated with the microvascular network, a key target for therapy; this property is not commonly presented in characterization of charged-based targeting.
Results

Synthesis and Characterization
A schematic diagram of the synthesis method is shown in Figure S1 (Supporting Information). This scheme was further used for the functionalization of oleic acid (OA) to 2 kDa carboxylate-terminated PEG (PEG-OA). 600 Da PEI (PEI 600 ) was functionalized with myristic acid (MA) in a 1:5 molar ratio (PEI 600 -MA 5 ). Linoleic acid (LinA) and 2 kDa PEG was conjugated to 1.8 and 10 kDa PEI in 1:5:0.3 and 1:15:3 molar ratios, respectively, to create PEI 1800 -LinA 5 -PEG 0. 3 and PEI 10k -LinA 15 -PEG 3.0 . Functionalized polymers were dialyzed against water, extracted in diethyl ether, and lyophilized. PEI 600 -MA 5 was combined with cholesterol (Cho) and PEG-OA through microfluidic mixing for size optimization.
Attenuated total reflectance Fourier transform infrared (atr-FTIR) analysis confirmed successful amidation by appearance of an amide carbonyl ν = 1650 cm −1 (s) in the conjugated polymers ( Figure 1A and Figures S2 and S3 (Supporting Information)). PEG, ν = 1100 cm −1 (s; CO), and the sp 2 carbon bonds of linoleic acid ν = 3050 cm −1 (s; CC) were observed in the PEI 10k -LinA 15 -PEG 3.0 and PEI 1800 -LinA 5 -PEG 0.3 spectrum ( Figure 1A and Figure S2 (Supporting Information)) as well as by 1 H NMR in CDCl 3 ( Figure 1B ). Table 1 shows the calculated degree of conjugation (DoC) for PEI 600 , PEI 1800 , and PEI 10k . Conjugation is close to theoretical ratios for lower ratios used during PEI 600 conjugation but begin to drift when using higher molecular weights.
Gel electrophoresis was used to determine the onset of stabilization. The onset of stabilization was taken to be the w/w which fully restricted DNA migration ( Figure 1C ). Size quantifications for PEI 600 -MA 5 , PEI 1800 -LinA 5 -PEG 0.3 , and PEI 10k -LinA 15 -PEG 3.0 were done at w/w = 21, 25, and 15, respectively, in normal glucose and Figure 1D shows the monodisperse characteristics for the hydrodynamic diameter distribution of PEI 10k -LinA 15 -PEG 3.0 polyplexes. The size-optimized formulation of PEI 600 -MA 5 :PEG-OA:Cho at w/w = 24 was created using a mass ratio of 100:11.1:11.1 (Table S1 , Supporting Information). All three formulations showed colloidal stability with no significant differences found between colloidal sizes at 7 days postformulation compared to initial measurements ( Figure S4 and Table S2 , Supporting Information).
In Vivo Targeting of Cationic Polyplexes
Initial in vivo screening revealed a targeting dependence on chemical formulation ( Figure S6 , Supporting Information). A zeta potential near +40 mV was associated with reduced targeting efficiency of the endothelial population compared to formulations near +15 mV. Polyplexes were therefore created to possess a final positive zeta potential of less than +40 mV with a target hydrodynamic diameter of less than 200 nm. Functionalized PEI was mixed with 40 µg of purified plasmid DNA at mass ratios w/w dependent upon the onset of stabilization as quantified by gel electrophoresis and diluted in normal glucose. Polyplex sizes were within the useful range for in vivo application [39] and chosen zeta potential range ( Table 2) . Targeting efficiency of DyLight 650-labeled polyplexes was determined 24 h post tail vein injection in healthy, adult male, wild-type C57BL6/J mice by flow cytometry. Cell populations examined were gated as live singlet CD45+ CD31− (hematopoietic), CD31+ CD326− CD45− (endothelial), CD326+ CD31− CD45− (epithelial), and CD45− CD31− CD326− (lineage negative, cell population mostly containing fibroblasts and pericytes). Figure 2A shows a representation of the gated populations with a full gating strategy presented in Figure S5 (Supporting Information). Figure 2B shows the fluorescent histogram for PEI 10k -LinA 15 -PEG 3.0 against the fluorescence minus one (FMO) control. A comparison of targeting efficiencies (n = 3) is presented in Figure 2C . Stabilized enhanced green fluorescent protein (eGFP) RNA complexed with PEI 10k -LinA 15 -PEG 3.0 was delivered intravenously in normal glucose; the median fluorescent intensity (MFI) from endothelial cells isolated 24 h postinjection was quantified by flow cytometry and was found to be significantly higher than control mice (p < 0.05, n = 5) ( Figure 2C inset).
Immunofluorescence of Cationic Polyplexes
The distribution of DyLight 650-tagged PEI 10k -LinA 15 -PEG 3.0 nanoparticles in the lung tissue was investigated using 10 µm frozen lung sections harvested from healthy adult male, wildtype C57BL6/J mice 24 h post tail vein injection. Sections were stained with Hoechst 33342 (nuclear stain), platelet endothelial cell adhesion molecule (PECAM1, CD31), and alpha smooth muscle actin (αSMA) for visualization of microvasculature and large vessels. Confocal images of stained sections show that nanoparticles (NPs) were highly disseminated throughout the pulmonary microvasculature, as shown by colocalization of DyLight with PECAM1 ( Figure 3A -A″ and Figure S7 www.advancedsciencenews.com www.advhealthmat.de (Supporting Information)). NPs within the lumen of larger vessels were sparse ( Figure 3B -B″,3C-C″). This is likely a result of hemodynamic differences between large vessels and capillary beds. Figure 3C″ shows the NPs found within the lumen of large vessels colocalized with PECAM1.
Zeta-Potential Switching
To further investigate the mechanism behind charged-based, nonaffinity targeting within the lung, the zeta (surface) potential of the cationic polyplex with the highest targeting affinity Figure 2 ) for the lung endothelium was switched by coating with poly(acrylic acid) (PAA) through ionic interaction. Two mass ratios of PEI:DNA were used for sizing and zeta-potential analysis post PAA coating to investigate the possibility of using a standard mass ratio of PAA:PEI regardless of the w/w ratio used (Figure 4) . In both the cases, for the mass ratios of PAA:PEI (0%, 10%, 25%, 50%) used, at least 25% was required to switch the zeta potential while maintaining a nonsignificantly different hydrodynamic diameter. A further coating of 50% significantly, negatively shifted the zeta potential while not significantly effecting hydrodynamic size for both w/w ratios used. A PAA coating of 10% by mass led to a relatively slight negative shift in zeta potential, however with the zeta potential remaining positive, coupled with a significant increase in hydrodynamic diameter ( Figure 4 and Table 3 ). PAA coating following polyplex formation therefore induced zeta-potential switching without impacting the hydrodynamic diameter, thereby allowing for investigation on the importance of charge on endothelial targeting within the lung irrespective of initial polyplex size.
In Vivo Targeting of Negatively Charged Polyplexes
For investigation behind the mechanism governing such robust targeting observed with positively charged polyplexes, negatively charged polyplexes were formulated by coating of negatively charged polymers post polyplex formation. PAA-coated PEI 10k -LinA 15 -PEG 3.0 was used to investigate the dependence of endothelial targeting within the lung on initial zeta potential prior to I.V. injection. The gating strategy shown in Figure 2A was repeated to categorize the four lineages 24 h postdelivery of negatively or positively charged DyLight 650-labeled polyplexes in healthy, adult male, wild-type C57BL6/J mice by flow cytometry. Juxtaposition of cells isolated from mice given negatively charged polyplexes (black filled histogram) and mice given positively charged polyplexes (blue dashed histogram) show a robust loss in both percent targeting and strength of targeting, as quantified by MFI, for the negative polyplexes within the endothelial lineage ( Figure 5A ). These shifts in targeting corresponded to a significant reduction in both percent targeting (15.0 ± 1.5% (−) vs 91.8 ± 1.3% (+), p < 0.001) and MFI as standardized using the FMO control (2.9 ± 0.2% (−) vs 406 ± 122% (+), p < 0.01) ( Figure 5B ). Furthermore, a significant reduction in MFI within the hematopoietic and lineage negative populations was also observed (p < 0.01) with no significant differences found within the epithelial lineage. Immunofluorescent imaging of frozen lung sections corroborated results presented by fluorescent-activated cell sorting (FACS) analysis ( Figure 5C ). Nanoparticle fluorescence from negative polyplexes was not observed within the microvasculature when juxtaposed with fluorescence acquired from positive polyplexes when imaged under equivalent parameters (Figure 5Ca 
Biodistribution
Richardson-Lucy deconvolution was performed on a Z-stack image of lung microvasculature. Figure 6A shows a 3D maximum intensity projection of a deconvoluted Z-stack showing Hoechst nuclear staining (blue), PECAM1 (green), PEI 10k -LinA 15 -PEG 3.0 (red). This maximum intensity plot was subsequently used for the automated surface plot generation in Imaris and used for determining the percentage of nanoparticle internalization ( Figure 6B ). The internalization, as calculated based on nanoparticle fluorescence within the PECAM1 surface stain, was found to be 63.8 ± 17.6% ( Figure 6C ). For investigation of possible targeting in other organ systems, live in vivo imaging was completed using an IVIS SpectrumCT. Mice were given DyLight 650-conjugated PEI 10k -LinA 15 -PEG 3.0 complexed with 40 µg of plasmid DNA in normal glucose injected as a 200 µL bolus through the tail vein. An uninjected control mouse (left) was imaged simultaneously alongside an injected mouse (right) at each time point ( Figure 6D ). Acquisition shows dissemination throughout the mouse with maximal accumulation in regions near the lung and kidneys. Fluorescence intensity appeared static and was stable for the entirety of the study (7 days).
Discussion
In this study, we generated three novel formulations of PEIbased polyplexes that target pulmonary microvascular endothelium with high specificity. Hyperbranched PEI was easily functionalized with biological fatty acids or PEG. The conjugation of fatty acids onto PEI was completed by amidation using 1-ethyl-3-(3-dimethylaminopropyl)carbodiimide hydrochloride (EDC)/N-hydroxysuccinimide (NHS) coupling with conjugation, confirmed by atr-FTIR and 1 H NMR spectroscopy. For PEI 600 High specificity is not a global trait of all PEI-based cationic nanoparticles. Specificity is strongly dependent upon grafting density and type of fatty acid used, as revealed by initial screening. This variation was found to be dependent upon colloidal properties with an initial, highly positive surface potential correlating with reduced targeting efficiency, suggesting an applicable range of surface potentials for efficient targeting (Table S3 , Supporting Information). The three specific formulations reported herein achieved 85-90% targeting of pulmonary endothelial cells selectively. While similar to formulations produced through epoxide-based conjugation of saturated alkane chains, [17] the mechanism behind such robust, www.advancedsciencenews.com www.advhealthmat.de nonaffinity targeting and characterization of distribution within the lung is not fully understood. PEI 1800 -LinA 5 -PEG 0.3 was found to significantly target a larger population of endothelial cells compared to PEI 600 -MA 5 / PEG-OA/Cho (p < 0.05) but juxtaposition of targeted hematopoietic, epithelial, and lineage negative populations revealed no significant differences. PEI 10k -LinA 15 -PEG 3.0 was found to significantly target a greater population of endothelial cells compared to PEI 600 -MA 5 /PEG-OA/Cho (p < 0.001) and a smaller population of epithelial cells (p < 0.001); hematopoietic and lineage negative populations were not significantly different. This increase in endothelial targeting is likely a result of improved intravascular stabilization governed by the specific nanoparticle formulation, leading to improved dissemination throughout the lung microvasculature as initial colloid size and zeta potential for the three formulations do not present any significant differences at the mass ratios used for injection and is a topic for further study. showed a significant increase in MFI, indicating the ability for PEI 10k -LinA 15 -PEG 3.0 to successfully deliver mRNA for translation into active protein.
As targeting was achieved through charged-based, nonaffinity binding, the importance of surface charge was investigated using the highly targeting PEI 10k -LinA 15 -PEG 3.0 formulation. PAA, a polymer containing a high density of carboxylate groups, was able to reverse the surface potential while not altering polyplex size. This important decoupling of charge modification from size alteration allowed for the mechanistic investigation on the importance of initial surface charge on targeting without convolution from modifications to initial polyplex size. Flow cytometry revealed an important, significant shift in both percent targeting, (15.0 ± 1.5% (−) vs 91.8 ± 1.3% (+), p < 0.001), as well as MFI (2.9 ± 0.2% (−) vs 406 ± 122% (+), p < 0.01). This demonstrates that not only significantly fewer endothelial cells were targeted within 24 h, but the strength of targeting was further, severely reduced. Furthermore, charge modification was performed through heparin binding in a similar way to PAA. The difference being that the majority of anionic charges in heparin are derived from sulfate rather than carboxylate groups. [40] The mass ratio of heparin:PEI at which a negative surface charge was measured without perturbation of polyplex size was 2:1 (200%) owing the increase in charge/molecular weight ( Figure S9 , Supporting Information). At 1:2 (50%), prominent aggregation was observed, whereas stable polyplexes were observed at this ratio for PAAcoated polyplexes. Immunofluorescence of the microvasculature and large vessels revealed reduced targeting similar to PAAcoated polyplexes, suggesting that the reduction in targeting from the establishment of a negative surface potential is not dependent on anionic functional group. Targeting therefore likely results from cationic polyplex interaction with the glycocalyx, a membrane-bound proteoglycan and glycoprotein cell layer upon the luminal side of vascular endothelial cells carrying a net negative charge derived from sulfated glycosaminoglycans. [41] Nanoparticle uptake is important for successful delivery. 3D deconvolution and surface reconstruction of PECAM1 (+) endothelial cells indicated that a majority of PEI 10k -LinA 15 -PEG 3.0 nanoparticles were within endothelial cells 24 h post I.V. injection by internalization of measured fluorescence. While PEI 10k -LinA 15 -PEG 3.0 nanoparticle uptake is observed, it presently remains unclear as to what is the dominating mechanism as nanoparticles are known to be endocytosed by a multitude of routes, with dependencies on size and surface chemistry, including clathrin/caveolar-mediated endocytosis, phagocytosis, and macropinocytosis. [42, 43] Whole body biodistribution of DyLight 650-conjugated PEI 10k -LinA 15 -PEG 3.0 in adult nude mice was examined using an IVIS SpectrumCT. Live imaging revealed whole body dissemination with concentration near the lungs and kidneys; relative fluorescence distribution appeared static and was observable for the entirety of the 7 day study. This result reflects known biodegradability and clearance properties of PEI-based nanoparticles in vivo. [44] Previous targeting of the pulmonary endothelium for drug delivery has been achieved through antibody conjugation of therapeutic agents derived from antigen expression screening. [45] [46] [47] [48] However, for efficient nonviral packaging of nucleic acids, cationic polymers or lipoid materials are needed as the cationic nature is important for efficient, noncovalent binding of these sequences. As a result of this cationic property, small, positively charged polyplexes are inherently created when there is an excess of cationic relative to anionic charges in the complex. Efficient targeting of these polyplexes is a direct result of surface charge with a negative surface charge significantly inhibiting both percent cell targeting and targeting strength, as quantified by MFI. This suggests that surface modification of these cationic polyplexes presented herein for affinity-based targeting following formation may serve as a potent method for gene delivery while limiting vascular bed targeting due to charged-based interactions.
Conclusion
In summary, we have developed a nanoparticle system based on hyperbranched PEI of various molecular weights through a synthesis route that has allowed for a one-pot, unique conjugation scheme of biological fatty acids and PEG under green conditions. From flow cyto metry, it is shown that surface charge plays a pivotal role in both successful targeting and targeting strength, as quantified by MFI, by charged-based, nonaffinity binding. Highly specific targeting of the pulmonary microvasculature, an important target for therapy, was achieved using cationic polyplexes with a size and zeta potential near 120 d.nm and +24 mV in normal glucose, respectively, with a tar- www.advancedsciencenews.com www.advhealthmat.de into the importance of surface charge was completed by charge switching using two anionic polymers, PAA and heparin, to establish a negative surface potential by two different functional groups. Percent targeting, MFI, and immunofluorescent staining of PAA-and heparin-coated polyplexes indicate that the major targeting mechanism within the lung of these highly efficient polyplexes derives from surface charge. It is therefore the combination of size and zeta potential, derived from the specific formulations of the polymeric nanoparticles, which has allowed for successful targeting and delivery nucleic acids to the pulmonary microvascular network through selective chargebased binding in an uninjured mouse model. Materials-Antibodies (Ab): Anti-mouse CD16/CD32 (eBioscience, clone 93), anti-mouse CD31-eF405 (eBioscience, clone 390), anti-mouse CD45-eVolve655 (eBioscience, clone 30-F11), anti-mouse CD326-PerCP-eF710 (eBioscience, clone G8.8), rat anti-mouse CD31 (BD Bioscience, clone MEC13.3), mouse anti-mouse αSMA, donkey anti-rat AlexaFlour488 (ThermoFisher), donkey anti-mouse AlexaFluor594 (ThermoFisher).
Experimental Section
Materials-Buffers: MES was dissolved into double distilled H 2 O to a concentration of 500 × 10 −3 m. pH was adjusted to 6.0 with 5 n NaOH. MOPS was dissolved into double distilled H 2 O to a concentration of 100 × 10 −3 m. The pH was adjusted to 7.4 with 2 n NaOH and the buffer diluted to 10 × 10 −3 m. Buffer solutions were then filtered through a 0.22 µm filter.
Conjugated Polymethylenimine: Functionalization of PEI with biological fatty acids and PEG was completed through amidation using EDC/NHSmediated coupling. A general reaction scheme was used for all coupling reactions. For PEI conjugation, the mass of EDC was based on the EDC:COOH molar ratio of 1.25:1 and the mass of NHS was based on the NHS:EDC molar ratio of 1.25:1. EDC:COOH and NHS:COOH ratios for PEG NH2 conjugation were 1.25:1 and 2:1, respectively. 500 × 10 −3 m MES buffer volume, pH = 6, was based upon the molar ratio of 30:1, H 2 O:COOH. Initially, EDC and NHS were solvated in EtOH with half the volume of MES buffer and allowed to react for 15 min. A predetermined amount of PEI was solvated in EtOH with the remaining volume of MES buffer. The total volume of EtOH was determined to be the volume required for a final concentration of 95% EtOH. A final concentration of 99% EtOH was used for PEG NH2 conjugation. Solvated PEI was quickly added following carboxylate activation and the solution was allowed to react overnight at 40 °C. EtOH was removed by rotary evaporation following conjugation and the resulting product was resuspended in deionized H 2 O. Conjugated PEI was dialyzed against deionized H 2 O using a 20 kDa membrane for 4-5 days, extracted twice in diethyl ether, and lyophilized. Lyophilized polymers were suspended in 10 × 10 −3 m MOPS, pH = 7.4 and sonicated prior to use using a cup horn sonicator. Cho was solvated into EtOH at a concentration of 10 mg mL −1 . Cho and PEG-OA were incorporated into PEI-MA 5 colloids through solvent diffusion and vigorous mixing by continuous vortexing during addition. Ethanol was removed by lyophilization under glucose as a cryoprotectant. Lyophilized polymer was resuspended in sterile, molecular biology grade water under sonication. Polymers were fluorescently tagged using NHS-functionalized fluorophores at a ratio of 12.5 µg of NHS-functionalized fluorophore to 1 mg of polymer in 10 × 10 −3 m MOPS buffer, pH = 7.4, and allowed to react overnight at room temperature in the dark. Gel Electrophoresis: Tris/borate/ethylenediaminetetraacetic acid (TBE)-based agarose gels (0.8% w/v, 0.5× TBE) were used to examine the complexation ratios of DNA with PEI-based vectors. Cytomegalovirus driven (CMV)-plasmid DNA (1 µg) was incubated at varying mass ratios with PEI-based vectors. Complexation was allowed for 15 min before gel loading. Gels were run at 120 V and imaged on a Bio-Rad Gel Doc.
Polyplex Formation: For sizing and zeta-potential analysis, 10 µg of CMV-plasmid DNA was mixed with polymer formulations at various mass ratios in 100 µL normal glucose supplemented with 10 × 10 −3 m MOPS, pH = 7.4, at room temperature. Polyplexes were allowed to rest at room temperature at least 10 min before analysis. The surface potential of formulated cationic polyplexes was switched through coating with either PAA or heparin by charge association following this 10 min period. 20 mg mL −1 stock solutions of PAA or heparin, buffered to 7.4, were quickly mixed with formulated polyplexes at set mass ratios relative to that of the cationic polymer and allowed to bind for at least 10 min before use. For in vivo delivery, 40 µg of CMV driven plasmids were mixed with PEI 600 -MA 5 /PEG-OA/Cho, PEI 1800 -LinA 5 -PEG 0.3 , and PEI 10k -LinA 15 -PEG 3.0 at mass ratios of 21, 25, 15 w/w, respectively, in normal glucose. These mass ratios corresponded to 3×, 10×, and 10× the w/w ratio required to stabilize DNA as determined by gel electrophoresis. Negatively charged polyplexes for in vivo delivery were created by coating with either PAA at a 50% mass ratio or heparin at a 100% mass ratio as described above.
In Vivo Flow Cytometry: All animal experiments were carried out in accordance to CCHMC guidelines using approved animal protocols. Mice were given free access to food and water over the course of the study. For stabilized RNA injections, 30 µg of eGFP RNA was mixed with PEI 10k -LinA 15 -PEG 3.0 at a mass ratio of 4.5. A final volume of 250 or 200 µL was used for tail vein injection of plasmids or RNA, respectively, into wild-type C57BL/6, 8-10 weeks of age. Whole lungs were harvested 24 h post I.V. injection. FACS analysis was performed using a BD Biosciences LSR II.
Lungs were digested using a lysis buffer of DMEM supplemented with l-glutamine, antibiotics/antimycotics, 0.5 mg mL −1 DNase, 100 µg mL −1 liberase. Cells were isolated from the extracellular matrix and blocked in MACS buffer with CD16/CD32 Abs. Cells were then stained with CD31 Ab labeled with eF40, CD45 Ab labeled with eVolve655, and CD326 Ab labeled with PerCP-eF710. Dead cells were stained with fixable viability dye-eF780 (FVD). Populations were gated on live singlets as CD31+ CD45− CD326− (endothelial), CD45+ CD31− CD326− (hematopoietic), CD326+ CD31− CD45− (epithelial), CD45− CD31− CD326− (lineage negative).
Live Imaging: 40 µg of CMV driven plasmids were mixed with PEI 10k -LinA 15 -PEG 3.0 at a mass ratio of 15 w/w, respectively, in normal glucose. A final volume of 250 µL was used for tail vein injection into adult, nude mice. Mice were anesthetized under 3-5% isoflurane and maintained at 1-2% while imaging. Fluorescence was imaged using standard transillumination.
Immunofluorescence: Lungs from wild-type C57BL6/J mice (8-10 weeks old) were inflated with 1:1 phosphate-buffered saline (PBS):optimal cutting temperature (OCT) compound and frozen in OCT. 10 µm sections were fixed for 10 min at −20 °C in 1:1 methanol:acetone, washed in 0.3% Tween 20 in PBS, and blocked in 4% donkey serum/2% fetal bovine serum (FBS)/0.1% Tween 20 in PBS. The antibody buffer used during staining was 0.4% donkey serum/0.2% FBS/0.1% Tween 20 in phosphate-buffered saline/tween (PBST). Rat anti-CD31 and mouse anti-αSMA were diluted in buffer at 1:250 and 1:2000 dilutions, respectively, and incubated overnight at 4 °C. Slides were washed and incubated with donkey anti-rat labeled with AF488 and donkey antimouse labeled with AF594 overnight at 4 °C. Slides were washed, stained with Hoechst 33342, and mounted with ProLong Diamond on #1.5 cover glass. Imaging was done using a Nikon A1 confocal microscope with Richardson-Lucy deconvolution in Nikon Elements and analysis performed in Imaris.
Characterization: Infrared spectroscopy was run on a Nicolet atr-FTIR spectrometer outfitted with a diamond crystal. NMR was taken in deuterated chloroform on a Bruker AV 400 MHz spectrometer. Hydrodynamic size and zeta potential were measured on a Malvern Zetasizer Nano ZS in normal glucose.
Characterization-DoC: Fatty acid and PEG conjugation onto PEI was calculated through 1 H NMR spectroscopy using the terminal methyl group of the conjugated fatty acid (a), the integrated peak from the PEI backbone (g), and the integrated peak from PEG (c). Myristic acid and linoleic acid gave rise to 1 H NMR peaks that overlapped with the PEI spectrum in (g). Therefore, the following calculation method was used to decouple the two signals where (P) is the relative integration of the PEI + fatty acid peak, (Z) is the relative integration of the terminal methyl peak, (B) is the number of hydrogens contributing to (P) relative to the terminal methyl group. For myristic and linoleic acid, B is equal to 2 and 4, respectively. (X) is the decoupled, relative PEI integration. (Y) is the decoupled, relative fatty acid integration, and (C) is the total number of hydrogens in the PEI backbone as estimated from molecular weight. For PEG conjugation, only Equations (1) and (3) were used; (Y) and (B) in Equation (3) were then equivalent to the relative PEG integration and the total number of hydrogens in the PEG backbone determined from molecular weight.
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Characterization-Statistics: Values were reported as mean ± 1σ. Significance was calculated using an unpaired Welch's t-test assuming unequal variance.
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